In the paper, the diversion laws between VES acid and heterogeneous sandstone were carried out by diversion acidizing experiments. The results showed that the viscoelastic surfactants of diversion acid reached the maximum value at hydrochloric acid concentration between 5 and 11%, when higher than 13% and the diversion acid with low viscosity which was beneficial to acid injecting construction. The results of parallel core experiment revealed that diversion acid has better divert effect in the reservoir with better homogeneity, and injected acid PV of diversion acid conforms to the Darcy's law when the permeability of glass core is less than 1000 mD. From the overall results, it can be concluded that diversion acid is suitable for heterogeneous sandstone reservoirs, and the conclusion is suitable for pilot tests in oil field.
Introduction
Matrix stimulation is a term given to the process conducted on a production or injection, to improve the production or injection of the well after a severe decrease in production or injection rate (Walter and Walker 1990) . In this process, a chemical fluid with specific properties was injected into the targeted formation to dissolve some precipitations around the wellbore and increase permeability inside the formation. Therefore, to determine the most effective combination of acid blends and volumes for each particular reservoir, processing design and planning are often performed to ensure that the acid is placed across the entire interval (Kelland 2014) . A successful diversion technique is critical to place the acid to the location where damage exists (Kelland 2014) .
To improve contact of the acid solutions with the interval to be treated, one can use either mechanical or chemical placement techniques. However, mechanical technology in the construction process is relatively complex and cost too much; therefore, to simplify the construction process matrix stimulations, chemical placement technique which was called diverters was usually applied in a pre-flush and temporarily plugs the zone or zones of highest permeability, allowing the main flush to react with other less permeable or more damaged zones. Chemical diversion methods (Kelland 2014) , including solid particles (Williams et al. 2016) , polymer gels (Coste et al. 2000; Bai et al. 2008) , foams (Kapetas et al. 2015; Kam et al. 2007) , viscoelastic surfactants (VESs) (Santvoort and Golombok 2015; Fink 2015) , fiber (Wang et al. 2015) , and so on, have been widely used in the industry.
Viscoelastic surfactants (VESs) have long been used in carbonate reservoirs to improve production and have been successfully used in most fields (Gomaa et al. 2012; AlMutawa et al. 2005) . However, the application of sandstone reservoir diversion acidizing is solid particle chemical diversion methods, for example, most oilfields in China have been using benzoic acid flakes and oil-soluble resins for many years and have achieved good acidizing effect. However, due to the limited space available for offshore platforms, marine acidizing mostly adopts the unsteady column construction process, and residual acid that is returned from the formation after construction was completed and the solid particle diversion agent easily damaged the submersible electric pump. Therefore, in recent years, we have been always researching trials to find diversion agent suitable for sandstone reservoir matrix acidizing. Foams must be stable in the presence of the acids and the reservoir hydrocarbons, some thickened or highly viscous polymeric solutions are difficult to remove from the pores of the formation or the fracture after the operation is complete when using polymer-thickened compositions. For this purpose, field experiments were conducted using viscoelastic surfactants (VESs) in sandstone reservoirs for diversion acidizing in the Bohai oil field. Herein, erucamide propylhydroxysultaine (EH50) was chosen as the diversion acid main agent, and the parallel artificial cores were used to simulate the diverting effect of sandstone reservoirs, so as to instruct the VES sandstone reservoir diversion acidizing design.
Experiment

Materials
All of the hydrochloric acid, decane, NaOH, CaCl 2 , CaCO 3 and NaHCO 3 were analytical reagent grade. The VES divert agent contains the erucamidopropyl hydroxysultaine (EH50) with purity of 50% and the compound corrosion inhibitor SA-1, and the EH50 amphoteric surfactant has different solubility in acid solution with the different H + concentration. Since the acid solution can cause equipment corrosion, and 1% SA-1 is added into all samples preventing the equipment corrosion during the test. The porous cores with a diameter of 50 mm and a length of 300 mm were used in this study (Santvoort and Golombok 2015) , which come from sintered borosilicate glass beads with a density of 2230 kg/m 3 . Using sintered glass cores gives a more homogenous permeability distribution and excludes adsorption effects which have been shown to alter the concentration of the VES solution (Spain et al. 2009 ). The length of the cores was chosen at 300 mm to ensure the recovery is independent of injection flow rate and the set pressure gradient is higher than the capillary pressure. Two cores with different permeability are used for each set of parallel core flow experiment. The petro-physical properties of these different cores can be found in Table 1 .
First, the cores are placed in an oven (190 °C) for 12 h to remove all remaining liquids from previous experiments (Santvoort and Golombok 2015). Then they are placed inside the core-holders and the sleeves are pressurized with compressed air. One of PV is defined as the sum of the pore space of both cores:
where ∅ high and ∅ low are the high-and low-permeability core porosity, respectively. V high and V low represent the bulk volume of the cores both the solid and void components. Since the cores have the same dimensions, V high = V low .
Methods
According to the Darcy formula of porous media (2), when the heterogeneous reservoir is acidified, the amount of acid in each small area is proportional to the size of its permeability (Tiab and Donaldson 2004.) . After the acid is injected into the reservoir, the large amount of acid will enter into the high-permeability areas and increase the actually reservoir heterogeneity:
Apparent viscosity is the key factor that affects the acid injection and diversion during acidizing construction, and among the low viscosity acid is good for injecting sandstone reservoirs and high viscosity acid ensures that the acid is placed across the entire interval (Zhao et al. 2017) . The apparent viscosity of diversion acid pumped into the formation will be reduced by porous media, so it is necessary to evaluate the shear strength of the diverting acid. Based on the experimental research on the anti-shearing of fracturing fluid, the prepared diversion acid was poured into a rotor cup of the rheology testing system and rapidly warmed to 60 °C. The rotator spin speed was 170 s − 1 shear rate (Petrol Ind and Stand 2005) for 30 min (Table 2) .
A parallel core flow model for simulating heterogeneous reservoirs is established (Fig. 1) . It represents a field with two layers of different permeability without crossflow (Li 
Results and discussion
Shear resistance test
To test the shear resistance, the different rate of acid solution was prepared and this sample constitution was followed below: 1st sample (20%HCl + 6%EH50), 2nd (17%HCl + 6%EH50), 3rd (14%HCl + 6%EH50), 4th (11%HCl + 6%EH50), 5th (8%HCl + 6%EH50), 7th (2%HCl + 6%EH50) and 8th (0%HCl + 6%EH50) acids containing different amounts of calcium carbonate powder. The rheology testing for apparent viscosity of all samples was tested by rheometer with shear rate of 170 s − 1 and continued for 30 min.
From Fig. 2 , we have known that the apparent viscosity of diversion acid has an increasing trend from the hydrochloric acid concentration 20-8%, and the viscosity of diversion acid increases rapidly between concentration of hydrochloric acid 13% and 8%, the viscosity reaches the maximum value about 59.9 mPa.s when the concentration at 8%, and then the viscosity will rapidly decline with the decrease of acid content. The viscoelastic surfactants of diversion acid reached the maximum value at hydrochloric acid concentration between 5 and 11%. With the change of hydrochloric acid concentration, the change of acid viscosity means that the arrangement and distribution of EH50 in the acid liquid system have changed, and the dispersion of the acid solution and the change of micellar aggregates have been observed. Therefore, it is experimental results suggesting that the preferable concentration of hydrochloric acid injected is 13% HCl for diversion acid construction. To test the viscosity of injection, diversion and breaking of the injected acid, the viscoelastic surfactants were tested at rate of shear 170 S − 1 and continued shear for 30 min (T = 6 °C) under 13%HCl + 6%EH50, 8%HCl + 6%EH50, 2%HCl + 6%EH50 and 8%HCl + 8%EH50 solutions.
In Fig. 3 , the results showed that the change tendency of apparent viscosity of diversion acid with shear was stable and the change of the retention was small, indicating that the micellar system formed by EH50 at 60 °C had less influence by the shear. The viscosity of 2%HCl + 6%EH50 decreased slowly from 9.08 to 6.32 mPa.s during the shear time, and the viscosity of 13%HCl + 6%EH50 slowly decreased from 11.09 to 8.99 mPa.s with the same trend of viscoelastic surfactants, suggesting the state of EH50 with low viscosity state in the solution has not appeared as micellar aggregates. However, the 8%HCl + 6%EH50 and 8%HCl + 8%EH50 samples showed the same tendency of viscoelastic surfactants in the shear time range and increased with the increase of surfactant concentration. The viscosity of the two acids in the first 5 min of shearing fluctuated greatly and then stabilized; after 30 min of shearing, the final viscosity of the diversion acid was 81.6 mPa.s (8% EH50) and 59.9 mPa.s (6% EH50) under the same conditions; the dosage of EH50 is the main factor to increase the viscosity of the turning acid. The final viscosity of 13%HCl + 6% EH50, 8%HCl + 6%EH50, and 2%HCl + 6%EH50 after shearing for 30 min was 8.99, 59.9, and 6.32 mPa.s, respectively, which the hydrochloric acid concentration was determinants of changes in diversion acid viscosity. It is all results revealed that the diversion acid was easily pumped into the reservoir under 13%HCl + 6%EH50, 8%HCl + 6%EH50 and 8%HCl + 8%EH50 solutions which favor diversion acid to divert and 2% HCl + 6% EH50 facilitates acid flow-back.
Reservoir diversion acidification test
For Test1 experiment, two cores with different permeability (1060 mD and 110 mD) were placed in core holders of parallel core, which were connected by the same inflow line and splitting the flow into two cores (Vernáez et al. 2016; Santvoort and Golombok 2015; Mahmoud et al. 2017) . The pressure drop is the same for both cores, and the outflow is measured independently (Siddiqui et al. 2003; Alvarez et al. 2000; Vernáez et al. 2016) . During the initial state, Brine (CaCl 2 + NaHCO 3 was applied to simulate sandstone reservoirs containing soluble hydrochloric acid) was injected into the system. And then 12% HCl was injected into the system and simulated acid injection in heterogeneous sandstone reservoir. Finally, the flow rate of the liquid was recorded at the outlet of the core. The Test2 experiment is a similar process to Test1, but there is more than one step where the 13%HCl + 6%EH50 solution was injected into the system before injecting the 12%HCl solution process.
The results shown in Fig. 4 indicate that if we do not take diversion measures in acidizing of heterogeneous sandstone reservoirs, the acid solution will flood into the high permeability zone in large quantities without any improvement in the low permeability zone, which will eventually aggravate the reservoir heterogeneity. The amount of acid that enters the low-permeability core is significantly increased, and the amount of acid entering the high-permeability core is greatly reduced when using the diversion acid, so such acidizing results can improve reservoir heterogeneity. The experiment 1 3 also shows that the diversion acid can be used to sandstone reservoirs. Test3 experiment is adding the cleaned and dried the core in Test2 experiment into core holders. During the initial state, injecting decane to saturate cores at constant flow, and brine was injected into the system until the 1060 mD core breakthrough stop injecting (to simulate production of heterogeneous sandstone reservoir). Finally, 12%HCl (containing litmus) was injected into the system until the two cores breakthrough, stop injecting, and record the volume injected at breakthrough PV (Santvoort and Golombok 2015). The Test4 experiment has a similar steep to Test3; beside 13%HCl + 6%EH50 solution was injected into the system until the pressure drop is 8 MPa higher than beginning after brine injection process.
In Fig. 5 , it can be seen that about 6.1PV of 12%HCl solution without EH50 is required to fully sweep the 110 mD core. During this process, most of the acid fluid flows through high-permeability core. The acid fluid can be considered as lost since it does not contribute to improve the permeability of low permeability core. During the acidizing process, a large amount of acid enters the high-permeability layers and the acidity in the low-permeability layer is very little, which finally leads to the increase of the heterogeneity of the reservoir after the acidizing. Figure 5 shows that the HCl acid without diversion acid was injected and entered the low-permeability core, which is about 6.1PV of 12%HCl needed. However, diversion acid has been injected before 1.45PV of 12%HCl fresh acid was injected into the system, indicating the injected diversion acid has been placed across the entire interval, which can eventually improve the reservoir heterogeneity. This is because the diversion acid forms a viscous micelle in the high-permeability core to increase the viscous resistance and hinder subsequently acid injection.
Different permeability on differences in the core of the diversion block test
There are large differences in the permeability of heterogeneous sandstone reservoirs, so the diversion plugging experiments were designed to study different permeability differences of cores, and experimental core groups are listed in Table 3 . The collected cores were cleaned and dried, loading them into the experimental device of parallel drive and injecting the saturate decane cores solution at constant flow, and then the brine with calcium chloride and sodium bicarbonate was added until the high-permeability saline core breakthrough and stopped brine injection. Under constant flow situation, the pressure and injected diversion acid was increased until the pressure of injection under 8PMa which is higher than beginning pressure, which is simulating the application of diversion acidizing at well site, and was considered the high-permeability core temporary blocking. Figure 6 shows the diversion acid PV when parallel core achieved the diversion plugged. The x-axis is the permeability ratio of the parallel core and the y-axis is the sum of the injection volumes of the two cores [Eq. (1)]. In Fig. 6a , high-permeability 2200 experimental group with 6% EH50 needs to inject more PV than it with 8% EH50, indicating the EH50 concentration is higher and less PV diversion acid was injected. Three sets of data from the experiment 6% EH50 show that the higher core permeability needs more PV of diverting acid to be injected. And all of data revealed that similar core permeability rate has a lower permeability, and a large difference of core permeability rate has a higher permeability, indicating with the stronger homogeneity the reservoir has a better effect on the diversion acid. The four experiment groups among Fig. 6b show that when two cores' permeability is lower than 1000 mD, closer permeability makes necessarily a higher PV to be injected to achieve diversion effect. When the permeability of high-permeability core is higher than 1000 mD, the greater injected acid PV was demanded to achieve the diversion effect.
Mechanism analysis on VES-EH50 diversion acid in sandstone
EH50 is an amphoteric surfactant and its molecular structure is shown below. When the concentration of H + in the acid solution is too high, EH50 shows the property of cationic surfactant. At the same time, the H + in the acid solution will repulse the cationic surfactant, which makes EH50 to aggregate only in the form of dispersed micelles. With the gradual consumption of H + in acid solution, EH50 shows the properties of amphoteric surfactants, and H + will gradually reduce its repulsion toward the carboxylate groups in EH50. In this process, the EH50 will gradually aggregate into large worm-like micelles, thereby increasing the viscosity of the diversion acid.
According to Darcy law, the flow through the different cores is proportional to the permeability of the core when the fluid flows through the parallel core. Therefore, the closer the permeability of the two cores the closer the flow of fluid through two cores is during fluid flow. That is not obvious when the diversion acid is used on reservoirs with better homogeneity. When core permeability is lower than 1000 mD, the permeability of the two cores is closer and the more PV was injected, and the permeability of high-permeability core is higher than 1000 mD, with the increasing of permeability of high-permeability core and the more PV also was needed to be injected. It is indicated that the capillary effect will influence the injection of acid, and the lower core permeability and the greater impact of capillary forces. Therefore, the capillary force has a less impact on injection acid when the core permeability is more than 1000 mD. 
